Smaug Recruits the CCR4/POP2/NOT Deadenylase Complex to Trigger Maternal Transcript Localization in the Early Drosophila Embryo  by Semotok, Jennifer L. et al.
Current Biology, Vol. 15, 284–294, February 22, 2005, ©2005 Elsevier Ltd All rights reserved. DOI 10.1016/j .cub.2005.01.048
Smaug Recruits the CCR4/POP2/NOT Deadenylase
Complex to Trigger Maternal Transcript
Localization in the Early Drosophila Embryo
eIF4E, a component of the basic translation machinery.
Thus, Smaug is a multifunctional posttranscriptional
regulator that employs distinct mechanisms to repress
translation and to induce degradation of target tran-
scripts.
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Canada
Early embryonic development in all metazoans is pro-2Department of Molecular and Medical Genetics
grammed by maternally provided RNAs [1]. In oocytesUniversity of Toronto
and early embryos, asymmetric localization of several1 King’s College Circle
maternal mRNAs directs local production of proteinsToronto, Ontario M5S 1A8
that specify the body axes, regional cell fates, and spe-Canada
cific cell lineages [2]. RNA localization may be accom-3Department of Biochemistry
plished via several mechanisms [2, 3]. One mechanism,University of Toronto
termed “degradation/protection,” combines the gener-1 King’s College Circle
alized degradation of a ubiquitous transcript with pro-Toronto, Ontario M5S 1A8
tection from degradation in a particular cytoplasmic do-Canada
main [4–8]. If the initial distribution of the transcript is
uniform, then degradation/protection converts an unlo-
calized transcript to a localized one (e.g., DrosophilaSummary
Hsp83 mRNA) [5, 6]. For transcripts that are already
enriched in a particular cytoplasmic domain, degrada-Background: Asymmetric localization of mRNAs within
tion/protection serves to enhance localization. For ex-cells promotes precise spatio-temporal control of pro-
ample, although Drosophila nanos (nos) mRNA is en-tein synthesis. Although cytoskeletal transport-based
riched in the posterior pole plasm, over 95% of noslocalization during Drosophila oogenesis is well charac-
transcripts are present in the bulk cytoplasm [5, 9, 10].terized, little is known about the mechanisms that oper-
Degradation/protection eliminates the unlocalized nosate to localize maternal RNAs in the early embryo. One
RNA, enhancing posterior enrichment by two orders ofsuch mechanism—termed “degradation/protection”—
magnitude.acts onmaternalHsp83 transcripts, removing them from
Two degradation pathways act in concert to mediatethe bulk cytoplasm while protecting them in the poste-
maternal mRNA turnover in early Drosophila embryosrior pole plasm.
[5]. As mature oocytes move from the ovaries to theResults: Here, we identify the RNA binding protein,
uterus, eggs undergo a process known as “activation”Smaug, previously known as a translational repressor
[11], which triggers the first degradation pathway [12].of nanos, as a key regulator of degradation/protection-
This “maternal” pathway initiates independent of fertil-based transcript localization. In smaug mutants, degra-
ization (i.e., occurs in unfertilized eggs) and requires onlydation of Hsp83 transcripts is not triggered, and, thus,
maternally encoded products. The second, “zygotic,”localization does not occur. Hsp83 transcripts are in an
pathway initiates two hours after fertilization and re-mRNP complex containing Smaug, but Smaug does not
quires zygotic products [5, 6, 13].translationally repress Hsp83 mRNA. Rather, Smaug
Although poorly studied in Drosophila, the mecha-physically interacts with the CCR4/POP2/NOT deaden-
nisms of transcript turnover have been analyzed in detailylase, recruiting it to Hsp83 mRNA to trigger transcript
in yeast, Xenopus, and mammals, where deadenylationdeadenylation and degradation. When Smaug is tar-
is often the first and rate-limiting step [14–17]. Threegeted to heterologous stable reporter transcripts in vivo,
deadenylase activities have been described: the CCR4/these are deadenylated and destabilized. A deletion that
POP2/NOT complex, which represents the major de-removes the gene encoding CCR4 exhibits dose-sensi-
adenylation activity in yeast [18–20]; the PAN2/PAN3tive interactions with Smaug in both a loss-of-function
complex, which is thought to be required for properand a gain-of-function context. Reduction of CCR4 pro-
trimming of the nascent transcript’s poly(A) tail [21];tein levels compromises Hsp83 transcript destabili-
and poly(A)-ribonuclease (PARN), a deadenylase that iszation.
absent frombudding yeast andDrosophilabut is presentConclusions: Smaug triggers destabilization and local-
in many other animals and plants [16, 22].ization of specific maternal transcripts through recruit-
mRNA destabilization is often tightly coupled to trans-ment of the CCR4/POP2/NOT deadenylase. In contrast,
lational control [23]. For example, unlocalized nosmRNASmaug-mediated translational repression is accom-
is subject both to translational repression and to rapidplished via an indirect interaction between Smaug and
degradation [5, 24–26]. Translational repression of nos
mRNA requires the RNA binding protein, Smaug (SMG),*Correspondence: lipshitz@sickkids.ca (H.D.L.); c.smibert@utoronto.
ca (C.A.S.) which interacts with an eIF4E binding protein, CUP, to
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mediate inhibition of translation initiation [27]. Repres-
sion of nos translation by SMG ismediated via binding to
stem-loop structures termed Smaug response elements
(SREs; two of which exist within the nos 3 untranslated
region [UTR]) [24–26]. SMG has also been implicated in
maternal transcript destabilization, but it remains un-
known whether transcript decay is an indirect conse-
quence of translational repression or an independent
process [5, 26]. Recent analyses of the budding yeast
homolog of SMG, VTS1, have shown that it mediates
SRE-dependent RNA instability through an uncharacter-
izedmechanism that either directly or indirectly requires
CCR4 [28].
We have shownpreviously thatmaternalHsp83mRNA
is localized to the posterior pole plasm of the early Dro-
sophila embryo via degradation/protection [4–6, 12]. In
this report, we focus on the degradation component
of Hsp83 transcript localization. We show that SMG is
required for Hsp83 mRNA destabilization in the bulk
cytoplasm and present biochemical and genetic evi-
dence that SMG accomplishes this by recruiting the
CCR4/POP2/NOT deadenylase complex to Hsp83 tran-
scripts, thus triggering deadenylation and degradation.
In contrast to nos mRNA, which is translationally re-
pressed by SMG, SMG does not regulateHsp83 transla-
tion.We argue that SMGand its homologs play an evolu-
tionarily conserved role in recruiting the CCR4/POP2/
NOT deadenylase to trigger destabilization and localiza-
tion of specific target RNAs.
Results
SMG Is Required for Maternal Hsp83
mRNA Localization
SMG has been implicated in destabilization of mRNA in
Figure 1. SMG Is Required for Hsp83 mRNA Degradation
the bulk cytoplasm of the early embryo [26]. To assess
(A) Hsp83mRNA in situ hybridization of y w1118 (wild-type) and smg1/
whether SMG plays a role in destabilization of maternal Df(ScfR6) (smg) embryos. Embryos were staged according to nu-
Hsp83 mRNA, we examined embryos from smg mutant clear cycle, and representative embryos are shown from within the
females (hereafter denoted as “smg mutant” embryos). time window indicated, with anterior to the left and dorsal toward
the top of the page. Expression in the anterior of wild-type 2 to 3In smg mutant embryos, Hsp83 transcripts remain uni-
hr embryos represents new zygotic Hsp83 mRNA synthesis andformly distributed and fail to become localized to the
does not contribute significantly to the total RNA levels in Northernposterior (Figure 1A). To confirm that the failure ofHsp83
blots.
mRNA localization is caused by the failure of transcript (B) Northern blot analysis was performed on total RNA extracted
destabilization, we quantified Hsp83 mRNA levels in from smg1 or Df(ScfR6) heterozygous embryos (wild-type) or smg1/
Df(ScfR6) embryos (smg) collected at the indicated times post eggsmg mutants. Two to three hours after egg deposition,
laying.92% 4% of maternally deposited Hsp83 RNA remains
(C) Hsp83 mRNA levels were quantified and normalized with rpA1in smg embryos compared to only 16%  10% in wild-
mRNA as a loading control. Error bars represent the standard devia-
type (Figures 1B and 1C). In contrast, nos transcripts tion of the mean.
are only partially stabilized in smgmutant embryos (data
not shown), suggesting that redundant, SMG-indepen-
dent pathways regulate nos stability. Hsp83 mRNA was SMG Does Not Repress Hsp83 Translation
therefore selected as a model transcript for analysis of SMG was originally identified as a repressor of nos
the mechanism of SMG-mediated transcript local- mRNA translation [26, 29, 30]. To assess whether failure
ization. of Hsp83 transcript localization in smg mutants is an
The “maternal,” but not the “zygotic,” degradation indirect consequence of defects in translational regula-
pathway functions in activated, unfertilized eggs [5]. We tion, we asked whether SMG regulates Hsp83 transla-
therefore also quantified Hsp83 mRNA levels in smg tion. We analyzed the translation of Hsp83 mRNA in
unfertilized eggs and found that transcript destabiliza- embryos via metabolic labeling of proteins with S35-
tion fails (data not shown). We conclude that SMG func- methionine. This method was necessary as HSP83 pro-
tions in destabilization of Hsp83 transcripts via the “ma- tein deposited into the egg during oogenesis [31] ob-
scures newly translated protein on Western blots. Ourternal” degradation pathway.
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Figure 2. SMG Physically Interacts with the
CCR4/POP2/NOT Deadenylase Complex
(A) Proteins purified from embryos that either
express TAP-tagged SMG (TAP-SMG) or do
not express tagged SMG () were resolved
via SDS-PAGE, detected by silver staining,
and identified by mass spectrometry. The
NOT1 and TAP-SMG bands as well as the
position ofmolecular weightmarkers are indi-
cated.
(B) HA-tagged CCR4 and POP2 were immu-
noprecipitated from embryo extracts pre-
pared from w1118 (wild-type) or from embryos
expressing the indicated tagged protein with
an anti-HA antibody. Bound proteins as well
as an aliquot of each crude extract (INPUT)
were analyzed via Western blotting with the
indicated antibodies. Immunoprecipitations
conducted in the presence of RNase A are
indicated.
results indicate that Hsp83 mRNA is translated in the were immunoprecipitated with an anti-HA antibody.
SMGproteinwas detected in these immunoprecipitates,bulk cytoplasm of the early embryo and that SMG does
not play a role in repressing Hsp83 translation (Supple- but not in immunoprecipitates of extracts from embryos
not expressing an HA-tagged protein (Figure 2B). Wementary Figure 1).
also found that capture of SMG by CCR4 and POP2 is
RNA independent (Figure 2B).SMG Protein Interacts with the CCR4/POP2/NOT
CUP is an eIF4E binding protein recently shown toDeadenylase Complex
mediate an indirect interaction between SMG and eIF4ETo understand the mechanism by which SMG mediates
[27]. CCR4-HA and POP2-HA do not coimmunoprecipi-Hsp83mRNA decay in the bulk cytoplasm, we identified
tate either CUP or eIF4E (Figure 2), suggesting that SMGSMG-interacting proteins. Transgenic flies were gener-
exists in two functionally distinct complexes: the SMG/ated that express N-terminal TAP-tagged [32] SMG un-
CCR4/POP2/NOT deadenylase complex, which may beder the control of its own promoter. This transgene res-
involved in transcript destabilization, and theSMG/CUP/cued the maternal effect embryonic lethality caused by
eIF4E complex, which is involved in translational re-smg mutations (data not shown) suggesting that the
pression.TAP tagdoes not impair functionof SMGprotein. Protein
complexes containing tagged SMG were captured from
embryo extracts in a one-step purification, subjected to Maternal Hsp83 mRNA Undergoes
SMG-Dependent DeadenylationSDS-PAGE, and visualized by silver staining. Several
bands were detected in extracts from embryos express- The biochemical results described above suggest that
SMG may trigger deadenylation of target transcriptsing TAP-tagged SMG, but not in extracts from nontrans-
genic embryos (Figure 2A). MALDI-TOFmass spectrom- such as Hsp83 by recruiting the CCR4/POP2/NOT de-
adenylase complex. By analogy to mechanistic insightsetry identified one of these proteins (with an apparent
molecularweight of200 kDa) as CG1884, theDrosoph- gained from yeast andmammalian systems, SMGwould
trigger transcript degradation via recruitment of theila homolog of S. cerevisiae NOT1. In yeast, NOT1 is
a member of a large multimeric complex whose core deadenylase. This model predicts that deadenylation
and degradation of SMG target transcripts will correlatecomponents consist of the catalytic subunits CCR4 and
POP2 and their accessory proteins including NOT1 and that both deadenylation and degradation will be
SMG dependent.through NOT5, CAF40, and CAF130 [33]. The CCR4/
POP2/NOT complex represents the major cytoplasmic We used an RNase H cleavage method to assess
poly(A) tail length in early embryos over the time coursedeadenylase activity in yeast [19], is highly conserved
from yeast to higher eukaryotes, and has recently been of Hsp83 mRNA degradation. In 0 to 1 hr embryos, the
weighted mean length (WML) of the poly(A) tail is 33shown to function as a deadenylase in Drosophila [34].
The identification of Drosophila NOT1 in a complex nucleotides (nt) (Figures 3A, 3C, and 3E), and we can
detect tails as longas150nt. Subsequently, thepoly(A)with SMG suggested that SMG might induce the degra-
dation of target transcripts by recruiting the CCR4/ tails shorten rapidly, closely correlating with overall de-
stabilization of Hsp83 transcripts (Figures 3A, 3C, andPOP2/NOT deadenylase complex, thus triggering de-
adenylation and decay. Our model makes the prediction 3E). By 2 to 3 hr after egg laying, 80% to 90% of Hsp83
transcripts have been eliminated; the small fraction thatthat SMGshould associatewithCCR4 andPOP2. To test
this, we constructed transgenes that encode C-terminal remain exhibit tails with a 9 nt WML. As can be seen in
Figure 3C, over the time course of the experiment, thereHA-tagged Drosophila CCR4 and POP2 and drove their
expression in early embryos with the GAL4/UAS system is a striking shift in the distribution of poly(A) tail lengths
toward the deadenylated form. In contrast, a control[35]. Extracts were harvested from embryos expressing
either CCR4-HA or POP2-HA, and the tagged proteins stable transcript, rpA1, shows little shift in poly(A) tail
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Figure 3. Hsp83 mRNA Degradation Correlates with Its Deadenylation
An RNase H cleavage method was used to measure the length of the poly(A) tails on Hsp83 mRNA (A) in embryos at the times indicated,
whereas the length of rpA1’s poly(A) tail was measured directly on uncleaved RNA (B). Poly(A) tail lengths were determined with radiolabeled
DNA markers (as indicated) and a marker for transcripts lacking a poly(A) tail (dT), which was generated via RNase H cleavage in the presence
of oligo(dT). (C and D) Distributions of poly(A) lengths and positions of the weighted mean length (arrowheads) are shown. Arrows indicate
the positions of completely deadenylated transcripts (dT). (E and F) Weighted mean poly(A) tail lengths plotted as a function of time.
length over the same time course (Figures 3B, 3D, and To assess SMG’s role in deadenylation of Hsp83
mRNA, we assayed the poly(A) tails of Hsp83 mRNA in3F; from 30 nt WML at 0 to 1 hr post egg laying to 22
nt WML at 3 to 4 hr). We conclude that Hsp83 mRNA embryos that lack SMGprotein. In smgmutant embryos,
the weighted mean poly(A) tail length of Hsp83 mRNAdeadenylation correlates with transcript destabilization.
In 3 to 5 hr old embryos, zygotic transcription results remained unchanged at 38 nt during the first 2 hr post
egglaying (Figure 4). In contrast, the poly(A) tails ofin accumulation of low levels of de novo synthesized
Hsp83 transcripts [4]. These newly synthesized tran- Hsp83 transcripts from wild-type controls underwent
significant shortening over this time course (from 28 toscripts have tails that are longer than those seen on
maternal Hsp83 transcripts in 2 to 3 hr old embryos, 17 ntWML; Figure 4). TheWMLpoly(A) tail length ofHsp83
transcripts from smgmutants decreased slightly betweenreaching 29 nt WML by 4 to 5 hr (Figure 3E). These
zygotic transcripts accumulate after SMGprotein disap- 2 and 3 hr (from 38 to 29 nt), whereas in wild-type, the
length decreased substantially, reaching 12 nt WML.pears from the embryo [29, 30], suggesting that their
poly(A) tails may be longer because SMG is absent. This We conclude that SMG is essential for deadenylation
of maternal Hsp83 mRNA during the first 2 hr of em-correlation is consistent with the hypothesis that SMG
recruits the deadenylase to Hsp83 transcripts. bryogenesis, consistent with the hypothesis that SMG
Current Biology
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Figure 4. SMG Mediates Hsp83 mRNA De-
cay via Deadenylation
(A) RNA was extracted from smg1 or Df(ScfR6)
heterozygous embryos (wild-type) or smg1/
Df(ScfR6) embryos (smg) at the times indi-
cated, and poly(A) tail length was assayed by
RNase H cleavage.
(B–D) Weighted mean poly(A) tail lengths
were determined and the data displayed as
in Figure 3.
mediates recruitment of the CCR4/POP2/NOT deadeny- reside within the open reading frame (ORF), in contrast
to nos mRNA where the SREs are in the 3UTR [24, 26].lase to Hsp83 mRNA. The timing of the deadenylation
defect in smgmutants is consistent with a role for SMG To address whether the potential SREs are necessary
to target Hsp83 mRNA for decay, we generated Hsp83-in triggering the “maternal” degradation pathway.
4SRE mutant transgenes that would abrogate SMG
binding without altering the encoded amino acids, thusHsp83 mRNA Is in a Messenger Ribonucleoprotein
still producing wild-type HSP83 protein. The transcriptsComplex with SMG
produced by these transgenes showed degradationTo determine whether Hsp83 mRNA is associated with
profiles indistinguishable from wild-type endogenousSMG protein in embryos, we immunoprecipitated SMG
Hsp83 transcripts (Figure S2). These results suggestfrom early embryo extracts and then carried out reverse
that SMG is recruited to Hsp83 transcripts in an SRE-transcription coupled with real-time PCR. Hsp83mRNA
independent manner and indicate that the potentialis 4.93-fold enriched in anti-SMG antibody immunopre-
SREs in the Hsp83 ORF are not functional SMG bindingcipitates compared to immunoprecipitates with normal
sites in vivo. SMG may bind directly to Hsp83 mRNArat serum (Table S1). To assess the significance of the
through cis-element(s) that are distinct from SREs, or,observed enrichment ofHsp83mRNA,we examined nos
alternatively, SMG may interact with another RNA bind-and rp49 mRNA in the same immunoprecipitates. nos
ing protein, which itself directly interacts with Hsp83mRNA is enriched 4.96-fold in the SMG immunoprecipi-
mRNA.tates, whereas the stable negative control, rp49 mRNA,
demonstrated only a modest enrichment of 1.69-fold.
Identification of an Hsp83 mRNA/SMG messenger ri- SMG Binding Is Sufficient to Trigger mRNA
bonucleoprotein (mRNP) complex, combined with our Deadenylation and Degradation
earlier data demonstrating that SMG-dependent deaden- Our model for SMG-dependent transcript destabiliza-
ylation of Hsp83 is associated with transcript degrada- tion predicts that recruitment of SMG to a heterologous,
tion, strongly supports the hypothesis that SMG directly stable mRNA will result in deadenylation and degrada-
recruits this deadenylase to Hsp83 mRNA. tion of that target. To test this prediction using a simple
model mRNA, we employed luciferase reporter mRNAs
that contain either three wild-type SREs (3SRE) orRecruitment of SMG to Hsp83 mRNA Occurs
by an SRE-Independent Mechanism three point-mutated SREs (3SRE) in their 3UTR. Al-
though the 3SRE cassette interacts with SMG in vitroSMG binds cis-acting RNA elements known as SREs;
therefore, we searched the Hsp83mRNA sequence and and recapitulates SMG-dependent translational repres-
sion, the point mutations in the 3SRE cassette blockfound four potential consensus SREs. These elements
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Figure 5. SMG Is Sufficient to Target an
mRNA for Decay
Northern blot analyses were conducted on
total RNA harvested from embryos express-
ing transgenic luciferase mRNAs carrying
three wild-type SREs (A) or three point-
mutated, nonfunctional SREs (B) at the times
indicated. In (A) the first three panels show
assays in wild-type, whereas the fourth panel
shows assays in smg mutants (smg). Con-
structs carried the K10, bcd, or -tubulin
3UTR as indicated. Two independent trans-
genic lines were analyzed for each tubulin
3UTR construct. rpA1 transcripts are shown
as a loading control.
SMG binding [26, 27, 29]. Transgenic mRNAs were ex- otherwise stable mRNA is sufficient to trigger deadeny-
lation and destabilization of that mRNA. Because wepressedwith theGAL4/UAS system asmodified to func-
tion during oogenesis and early embryogenesis [36]. have shown that deadenylation and degradation of
Hsp83 transcripts is independent of translational repres-One of those modifications involves linking the ORF to
be expressed with sequences that encode the 3UTR sion, the simplest interpretation of the luc-tub-3SRE
data is that recruitment of the deadenylase is a directof the K10 mRNA, which ensures efficient expression
of the RNA in the germ line. To rule out the possibility consequence of SMG binding to the SREs. However,
we cannot exclude the possibility that, for the luc-tub-that the K10 3UTR would influence our results, we also
generated transgenes that encode luciferase RNAs car- 3SRE transcripts, recruitment of the deadenylase is
an indirect consequence of translational repression.rying either the bicoid (bcd) or -tubulin 84B (tub)
3UTRs. At 2 to 4 hr of development, destabilization of the luc-
K10-3SRE, luc-bcd-3SRE, and luc-tub-3SRENorthern blot analyses of total RNA extracted from
embryos over the first 4 hr of development revealed transcripts occurs (Figure 5B). Thus, an SRE-indepen-
dent pathway of mRNA decay initiates at this stage. Thisthat luc-K10-3SRE, luc-bcd-3SRE, and luc-tub-
3SRE are all destabilized during the first 2 hr (Figure pathway is also SMG-independent because luc-tub-
3SRE transcripts are degraded at this stage in smg5A). In contrast, luc-K10-3SRE, luc-bcd-3SRE, and
luc-tub-3SRE mRNAs are stable during the first 2 hr mutant embryos (Figure 5A). Destabilization of the luc-
tub-3SRE transcripts correlates with their deadenyla-of embryogenesis, only subsequently undergoing deg-
radation (Figure 5B, panels 1 to 3). tion, which is also independent of SMG (Figure 6). Thus,
this second deadenylation and decay process is bothNorthern blot analysis showed that luc-tub-3SRE
is stabilized in a smgmutant background (Figure 5A, panel SRE and SMG independent and correlates temporally
with the second, “zygotic” pathway [5].4), indicating that SMG is required to target 3SRE-
containing transcripts for destabilization. These data We conclude that recruitment of SMG to a target
mRNA (through either an SRE-dependent mechanismshow that recruitment of SMG to heterologous, stable
transcripts is sufficient to target them for rapid degrada- as with the luciferase transgenes or through an SRE-
independent mechanism as with Hsp83 mRNA) is suffi-tion during the first two hours of embryogenesis.
We next assayed the poly(A) tail length of luc-tub- cient to trigger transcript deadenylation during the first
2 hr of embryogenesis. Our biochemical data strongly3SRE versus luc-tub-3SRE transcripts. Initially,
the poly(A) tails of luc-tub-3SRE transcripts exhibit suggest that this results from SMG’s ability to bring the
CCR4/POP2/NOT deadenylase complex to the mRNA.a 34 nt WML. These shorten rapidly before disappearing
completely by 3 to 4 hr (Figures 6A, 6B, and 6E). In A second, SMG-independent deadenylation/decay path-
way initiates after 2 hr of embryogenesis.contrast to the rapid deadenylation seen for luc-tub-
3SRE, luc-tub-3SRE mRNAs display poly(A) tails
that show an 80 nt WML with no change over the first Functional Genetic Interactions
between SMG and CCR42 hr (Figures 6A, 6C, and 6E). Examination of luc-tub-
3SRE transcripts in smg mutants revealed that the To test the functional significance of themolecular inter-
actions observed between SMG and the CCR4/POP2/poly(A) tails did not undergo significant changes, re-
maining at77 ntWMLover the first 2 hr of development NOT deadenylase complex, we asked whether altering
the dose of the gene encoding CCR4 in a smg heterozy-(Figures 6A, 6D, and 6E).
These data indicate that recruitment of SMG to an gous mutant background results in defects in maternal
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Figure 6. SMG Is Sufficient to Target an mRNA for Deadenylation
(A) RNase H cleavage was used to assay the length of the poly(A) tails on luc-tub-3SRE/ mRNAs in wild-type or in smg mutant (smg)
embryos over the same time course.
(B–E) Weighted mean poly(A) tail lengths were determined, and the data were displayed as in Figure 3.
Hsp83 mRNA destabilization. A chromosomal deletion we cannot distinguish whether the defects in transcript
destabilization are a direct consequence of failure tothat removes the gene was used in these experiments
[34]. Strikingly, double heterozygotes for smg and recruit the deadenylase to Hsp83 transcripts after egg
activation versus a more indirect effect of egg fragility.Df(3R)crb-F89-4 produce embryos in which maternal
Hsp83 mRNA destabilization and deadenylation is de- Furthermore, because Df(3R)crb-F89-4 removes addi-
tional genes, experiments using ccr4 point mutationsfective (Figure 7A; Figure S3). Further analysis of the
embryos showed that they exhibit a “fragile” phenotype, will be required to confirm specificity. Either way, smg
and Df(3R)crb-F89-4 clearly exhibit dominant geneticwhich our previous studies have strongly correlatedwith
failure of transcript destabilization [12]. At this point, interactions. Such dominant genetic interactions pro-
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we misexpressed SMG protein in the female germ line.
Such misexpression results in a high frequency of rudi-
mentary ovaries in adult females (Figures 7C and 7D
cf. 7B). When the dose of the gene encoding CCR4 is
reduced by 50% [by usingDf(3R)crb-F89-4], this pheno-
type is strongly suppressed (Figure 7E cf. 7D, Table S2).
In summary, we have used two different methods to
reveal genetic interactions between SMG and a deletion
that removes the gene encoding CCR4. The direction
of the interactions is consistent with the hypothesis that
SMGandCCR4 function in the samemolecular complex.
Reduction of CCR4 Protein Levels Stabilizes
Hsp83 mRNA
If the CCR4/POP2/NOT deadenylase functions in desta-
bilization of maternal Hsp83 mRNA, then reduction of
CCR4 protein levels might result in stabilization of those
transcripts. We therefore examined Hsp83 transcripts
in early embryos from ccr4KG00877/Df(3R)crb-F89-4 fe-
males in which it has been shown that CCR4 protein
levels are substantially reduced [34]. Maternal Hsp83
mRNA degradation is defective in mutant embryos (Fig-
ure 7A), consistent with a role for the deadenylase in
transcript destabilization.
Discussion
Here, we have presented both molecular and genetic
evidence that SMG, an RNA binding protein previously
implicated in translational control of nos mRNA, is re-
quired to recruit the CCR4/POP2/NOT deadenylase
complex to maternal Hsp83 mRNA, thus triggering de-
stabilization and localization of these transcripts. This
is the first report in Drosophila of a sequence-specific
Figure 7. CCR4 Mutants Stabilize Hsp83 Transcripts and Interact RNA binding protein recruiting this deadenylase to a
Genetically with SMG target transcript and suggests that other RNA binding
(A) Embryos from females carrying Df(3R)crb-F89-4 in trans to smg1 proteins that induce transcript decay might function in
[smg/ Df(ccr4)] fail to undergo maternalHsp83 transcript desta- a similar manner. In addition, we conclude that SMG is
bilization, in contrast to those carrying one copy of Df(3R)crb-F89-4 a multifunctional posttranscriptional regulator that em-
[/Df(ccr4)] or two wild-type smg and two wild-type ccr4 alleles
ploys at least two separate mechanisms to regulate the(w1118). Reduction of CCR4 protein stabilizesHsp83mRNA. Embryos
expression of target transcripts: translational repressionfrom ccr4KG00877/Df(3R)crb-F89-4 [ccr4/Df(ccr4)] fail to undergo nor-
involves recruitment of the CUP/eIF4E complex, whereasmal destabilization of maternal Hsp83 transcripts. Northern blot
analysis was as described in Figure 1: Hsp83 transcript levels at the CCR4/POP2/NOT deadenylase induces transcript
the 2–3 hr time point are shown normalized to stable rpA1 mRNA destabilization. Althoughwe cannot rule out a biochemi-
loading controls. Error bars represent the standard deviation of the cal interaction between SMG and other deadenylases,
mean.
such as PAN2/PAN3, the observed genetic interactions(B–E) Reduction of ccr4 gene dose suppresses a gain-of-function
suggest that the CCR4/POP2/NOT deadenylase is ama-SMGmisexpression phenotype. (B) Phenotypicallywild-type ovaries
jor contributor to SMG-mediated transcript destabiliza-from control females [/CyO; VP16/Df(3R)crb-F89-4 or TM3,Ser].
(C and D) Misexpression of SMG causes a degenerate ovary pheno- tion. If other deadenylases played the major role, strong
type. (C) Examples of the severe ovarian degeneration phenotype enhancement and suppression byCCR4would not have
seen in UAS-smg/CyO or Sp; VP16/VP16 females. (D) Partially de- been expected, neither would Hsp83 transcripts have
generate ovaries seen in UAS-smg/: VP16/TM3, Ser females. (E)
been substantially stabilized when CCR4 protein levelsThe degenerate ovary phenotype caused by SMG misexpres-
were reduced.sion is rescued by loss of one dose of the gene encoding CCR4 in
UAS-smg/; VP16/Df(3R)crb-F89-4 females. Scale bar represents
0.5 mm. Posttranscriptional Regulation by SMG
SMG regulates both destabilization and translational re-
pression of mRNAs during the first 2 hr of Drosophilavide strong in vivo evidence for a functional role of two
proteins in the samemolecular pathway or complex [37]. embryogenesis. Our data suggest that nos and Hsp83
(and by implication, additional maternal mRNAs) are dif-To further assess functional interactions between
SMG and CCR4 in vivo, we asked whether reducing the ferentially regulated by SMG. SMG targetsHsp83mRNA
for deadenylation and decay in the bulk cytoplasm butdose of the CCR4 gene suppresses a gain-of-function
phenotype caused bymisexpression of SMG. Todo this, does not translationally repress Hsp83 transcripts (Fig-
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ure S4). In contrast, SMG targets both nos and SRE- transcripts, including Hsp83, SMG likely serves as a key
component of the “maternal” degradation pathway bycontaining luciferase reporter mRNAs for both transla-
tional repression and deadenylation/decay (Figure S4). recruiting the CCR4/POP2/NOT deadenylase.
A second, “zygotic” RNA degradation pathway initi-The fact that nos transcripts undergo only a modest
stabilization in smgmutant embryos suggests that both ates 2 hr after fertilization and requires the synthesis of
zygotic products [5, 6, 13]. We have shown here thatSMG-dependent and SMG-independent pathways tar-
get nos mRNA for degradation. an SRE- and SMG-independent deadenylation activity,
which acts on the luc-tub-3SRE reporter, appearsSMG-mediated translational repression is accom-
plished by recruiting the eIF4E binding protein, CUP, to 2 hr after fertilization. Given that the zygotic pathway
initiates at the same time,wespeculate that this deaden-target transcripts [27]. In contrast, transcript destabiliza-
tion derives from SMG’s ability to recruit the CCR4/ ylation activity represents the first step in the zygotic
decay process. At present, we do not know whetherPOP2/NOT deadenylase complex. Taken together, our
data suggest that SMG is able to recruit both CUP and the second deadenylation activity attacks a subset of
maternal transcripts nonspecifically or whether it is tar-the CCR4/POP2/NOT complex to nos and luciferase
reporter mRNAs. However, it is unknown at present geted via specific cis elements. Interestingly, endoge-
nous transcripts such asbcd,Toll, torso, and hunchbackwhether both regulatory complexes are targeted simul-
taneously to the same mRNA molecule or if there is (hb) have been shown to undergo deadenylation 2 to 3
hr after fertilization [38–40]. Deadenylation ofbcd and hbsequential recruitment of the complexes to an mRNA
molecule. transcripts is mediated by specific cis-acting elements
within their 3UTRs, which represent binding sites forOne possible explanation for SMG’s lack of a role in
Hsp83 translation is the fact that SMG is recruited to Pumilio (PUM, a PUF RNA binding protein). Thus, for at
least two transcripts, the deadenylation process thatHsp83mRNA through an SRE-independent mechanism.
Perhaps this recruitment mechanism is incompatible occurs 2 to 3 hr after fertilization is indeed specific and
may be accomplished by the “zygotic” degradationwith CUP binding to SMG, thereby preventing SMG from
repressing Hsp83 translation. Whatever the particular pathway.
targeting mechanism, it is interesting to note that SMG
is conserved from yeast to humans and that SMG’s Spatial Control of Maternal RNA Stability
budding yeast homolog has been implicated in tran- Hsp83 transcripts are protected from the degradation
script decay (see [28]). We therefore hypothesize that machinery in the posterior pole plasm [5, 6]. SMG is
SMG homologs also act as multifunctional posttran- present in the pole plasm [29], and, thus, transcript pro-
scriptional regulators of gene expression. tection may involve blocking SMG function at the poste-
rior. Previous analyses identified the last 57 nucleotides
of the Hsp83 3UTR (termed the Hsp83 protection ele-Temporal Control of Maternal RNA Stability
ment or HPE) as necessary for posterior protection ofMaternal transcripts such as Hsp83 are stable in mature
a lacZ-Hsp83 reporter mRNA [5, 6]. We have recentlyoocytes but are destabilized in early embryos [12]. We
shown that the HPE is sufficient to target an otherwisehave shown here that SMG-mediated deadenylation
uniformly unstable reporter transcript for protection inleads to degradation of Hsp83 mRNA within the first
the pole plasm (S. Lake and H.D.L., unpublished data).2 hr of development. The difference in stability of Hsp83
The HPE and associated trans-acting factors may blockmRNA inmature oocytes versus early embryos suggests
SMG recruitment toHsp83mRNA, SMG’s ability to inter-the absence inmature oocytes either of the deadenylase
act with the mRNA, or SMG’s ability to recruit the de-activity per se or of trans-acting factors that can recruit
adenylase. Alternatively, SMGmaystill recruit theCCR4/the deadenylase to target RNAs. CCR4 and POP2 are
POP2/NOT complex but trans-acting factors bound topresent in oocytes [34], whereas SMG protein is absent
the HPEmay block deadenylase function. Further analy-from oocytes and is synthesized in early embryos [29,
sis of the HPE and identification of trans-acting factors30]. Thus, the onset of Hsp83mRNA deadenylation and
that bind this element will provide insights into the mo-decay in the early embryo correlates with the de novo
lecular mechanisms that act to shield particular tran-production of SMG. Reciprocally, accumulation of zy-
scripts from destabilization in the germ plasm, thus re-gotically synthesized Hsp83 transcripts correlates with
sulting in transcript localization.the disappearance of SMG protein [4, 5, 29, 30], and we
have shown here that these newly synthesized Hsp83 Experimental Procedures
transcripts remain polyadenylated. We therefore pro-
pose that in late-stage oocytes as well as in postblasto- Fly Stocks
Drosophila melanogaster stocks included y w1118, w1118, osk54 [41],derm embryos, Hsp83 transcripts are not targeted for
ccr4KG00877 [34], and Hsp83P582 [42]. Expression of pUASP constructsdeadenylation and decay because SMG is absent.
was induced with P[GAL4::VP16-nos.UTR] [43]. smg mutants were
smg1/Df(3L)ScfR6 [30]. Df(3R)crb-F89-4 [34] was used to alter the
dose of the gene encoding CCR4.Maternal versus Zygotic Degradation Pathways
Two degradation pathways act in concert to mediate
Transgene Constructionmaternal mRNA turnover and localization in the early
The base vector for expression of HA-tagged POP2 (BDGP EST:Drosophila embryo [5]. The “maternal” degradation
GH06247) and CCR4 (BDGP EST: LD18435) as well as of luc-
pathway is triggered upon egg activation and requires 3SRE/ with the K10, bcd, or -tubulin 3UTRs was pUASP [36].
only maternally encoded products [5, 12]. The data pre- The construct for expression of N-terminal TAP-tagged SMG was
based on a previously described smg genomic rescue fragmentsented here have shown that, for a subset of maternal
Smaug Triggers RNA Localization
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[30], which was cloned into CaSpeR4 [44]. Germ line-specific ex- Supplemental Data
Supplemental Data includes two tables and four figures and can bepression of SMG employed a transgene with the SMG open reading
frame inserted into pUASP. Germline transformants were generated found onlinewith this article at http://www.current-biology.com/cgi/
content/full/15/4/284/DC1/.by standard methods [45].
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